ABSTRACT
after October 1, 2007 . The focus of LRFD is to achieve a consistent and reliable design by 6 accounting for the variability of the load (Q) and resistance (R) components via a load factor (γ) 7 and a resistance factor (φ), respectively, described in Eq. (1) . The load factor takes the values 8 recommended in the superstructure designs, and the resistance factor is calibrated using 9 reliability analysis methods from available pile load test data. Although the LRFD specifications 10 have been continuously revised from second edition (1) to the sixth edition in 2012 (2), 11 geotechnical resistance factors have not been significantly increased from that developed using 12 multiple pile load test databases collected throughout the United States, which represented 13 general soil conditions, common design methods, and construction practices. 14 15
Despite the implementation of AASHTO recommended LRFD specifications resulting in 17 noticeable differences with past ASD practice (3), many State Departments of Transportation 18 (DOTs) adopt the AASHTO LRFD framework in order to satisfy the mandate by FHWA. The 19 potential conservatism of the AASHTO LRFD Specifications, which do not reflect local soil 20 conditions as well as design and construction practices, will increase foundation costs. According 21 to a survey completed by AbdelSalam et al. (4) , only 15 state DOTs (i.e., 31% of the 50 U.S. 22 states) fully adopted the AASHTO recommended geotechnical resistance factors recommended, 23 while another 20 state DOTs (i.e., 40% of states) were in a transition stage towards the LRFD by 24 implementing either the fitting to the ASD approach or locally calibrated LRFD approach. To 25 ensure a smooth transition from ASD to LRFD, 12 state DOTs, including the Iowa DOT, 26
adopted an interim procedure, in which the LRFD resistance factors were calibrated to fit the 27 ASD safety factor (SF) until a regional LRFD procedure could be fully developed and verified. 28 A recent study conducted by Ng et al. (5) based on 604 production steel H-piles driven in clay 29 profiles within the State of Iowa concluded that the regionally developed LRFD procedure will 30 not significantly increase the pile design and construction costs from the practice using the 31 interim procedure. The study further highlights the additional economic benefits by incorporating 32 pile setup in cohesive soils into the regional LRFD procedure. 33 34
To further investigate the impact of the implementation of the regional LRFD procedure 35 developed for the design and construction of bridge steel H-piles in Iowa, this paper verifies the 36 LRFD procedure for piles in the remaining two soil groups: sand and mixed soil profiles. The 37 same soil groups used in the AASHTO Specifications (2) were followed to ensure consistent 38 LRFD recommendations. However, criteria for defining the soil group were not described in 39 AASHTO (2) nor other relevant published LRFD literature (e.g., Paikowsky et al. (6); Allen (7)). 40
To satisfactorily classify the soil group of a site, a "70% rule" was proposed. Accordingly, a site 41 is classified as a sand site if cohesionless soil type presents over 70% of the pile embedded 42 length, where the soil type for each layer is identified according to the Unified Soil Classification 43 System (USCS). If the percentage of the predominant soil along the pile length is less than 70% 44 sand or clay, then that site is designated as a mixed soil site. The application of the 70% rule was 45 verified by AbdelSalam et al. (8) as an appropriate means to define the subsurface profile at the 1 site while maintaining simplicity in the design approach and providing comparable LRFD 2 resistance factors if they would be determined using a more refined categorization approach 3 based on the actual percentage of various soil types along a pile length. 4 5
Using the field data obtained from 451 production piles in sand and 173 production piles in 6 mixed soil, which were installed in 2009 and 2010 at various bridge projects in Iowa, the design 7 verification and the potential impact to the foundation costs, due to changing the design practice 8 from the interim procedure to the regional LRFD procedure as well as AASHTO LRFD 9 recommendations, are evaluated. To reflect the current practice in Iowa, the IABB method, which was also found to be the most 41 efficient among static analysis methods (8) , was selected to determine the contract pile length for 42 a required pile resistance, while WEAP was selected as the pile construction control method. 43
Combining the usable datasets collected in PILOT and those obtained from the recent field tests, 44 the probabilistic characteristics (i.e., λ and COV) calculated for both sand and mixed soil profiles 45 and for the IABB method and WEAP in accordance with the AASHTO LRFD framework are 46 summarized in Table 2 . The First Order Second Moment method based on Eq. (3) was chosen 1 because it involves minimal computation, particularly as compared with the Monte Carlo method, 2 which provides only 10% to 20% higher resistance factors (7). Lognormal distribution was used 3 to characterize the ratio of measured to estimated geotechnical resistances and determine the 4 resistance bias (λ R ) and coefficient of variation (COV R ) presented in Table 2 . For piles in sand, 5 the resistance factors for the IABB method determined using Eq. (3) were determined to be 0.55 6 and 0.41 for β T = 2.33 and 3.00, respectively. Comparing the resistance factor of 0.725 (see Eq. 7
(2)) used in the interim procedure, the calibrated resistance factor of 0.55 is approximately 24% 8 lower. Similarly, the calibrated resistance factors for piles in mixed soil profile and the IABB 9 method (i.e., φ = 0.60 for β T = 2.33 shown in Table 2 ) is approximately 17% lower. Although a 10 higher resistance factor of 0.725 was being used in the interim procedure, Figure 2 shows that it 11 corresponds to lower β values of 1.7 for sand and 2.00 for mixed soil profile. These lower β 12 values represent probability of failures (i.e., 30% and 10%) higher than the 1% stipulated in the 13 AASHTO (2). 14 15 
where λ R = resistance bias factor of the ratio of SLT measured resistance to estimated 1 resistance; 2 COV R = coefficient of variation of the ratio of SLT measured resistance to estimated 3 resistance; 4 γ D; γ L = dead load factor (1.25) and live load factor (1.75), respectively; 5 λ D; λ L = dead load bias (1.05) and live load bias (1.15), respectively; 6 COV D; COV L = coefficient of variation for dead load (0.1) and coefficient of variation for live 7 load (0.2), respectively; 8 = dead to live load ratio (2.0); 9 β T = target reliability indices (2.33 corresponding to 1% probability of failure, and 10 3.00 corresponding to 0.1% probability of failure, as recommended by 11
Paikowsky et al. (6) for representing redundant and non-redundant pile groups, 12 respectively); 13 14
Higher resistance factors for the mixed soil profile are attributed to the effect of pile setup 15 observed in Figure 1 The calibrated resistance factors shown in Table 2 were rounded to the nearest 0.05 and 5 recommended in Table 3 . To eliminate the uncertainty of pile setup in a mixed soil profile, the 6 unrealistically high resistance factor of 0.80 for WEAP was reduced to 0.65, which was to match 7 the resistance factor recommended for piles embedded in a clay soil profile and pile resistances 8 estimated using WEAP at the EOD (5). Since the IABB method is a combination of the α-9 method for cohesive materials and the Meyerhof (9) semi-empirical method for cohesionless 10 materials (10), the resistance factors of the α-method for mixed soil and SPT-Meyerhof for sand 11 obtained from the AASHTO (2) were included for comparison. Recognizing that the aforementioned LRFD procedure was developed based on test piles, it is 21 desirable to verify its application on recently designed and installed production piles. It is 22 important to highlight that the average embedded test pile lengths in sand and mixed soil profiles 23 of 58 ft and 44 ft, respectively, were much shorter than the plan pile lengths of production piles, 24 ranging from 30 ft to 120 ft for sand (see Table 4 ) and 65 ft to 100 ft for mixed soil profile (see 25 Table 5 ). Most production piles in sand were bearing into rock materials while production piles 1 in mixed soils were not bearing into rock materials. Due to the differences in length and pile size 2 between the test piles and production piles, and to avoid any bias originating from the use of 3 shorter test piles, it is vital to verify the LRFD recommendations on an independent set of 4 production piles installed during bridge construction in 2009 and 2010 as summarized in Tables  5  4 and 5 . It is important to note that the design and construction conditions for the test and 6 production piles were similar. The plan pile length represents the contract pile length, which was 7 determined by summing (1) the required pile embedment length estimated using the IABB 8 method to resist the applied load as per the recommended LRFD procedure and resistance factors 9 shown in Table 3 , (2) any pre-bore length at integral bridge abutments to overcome downdrag, (3) 10 required pile extension into the footing (1 ft for pier and 2 ft for abutment), and (4) the minimum 11 1 ft cutoff allowance, in which the total length is then rounded up to the nearest 5 ft. A total of 12 451 production piles installed in sand and 173 production piles installed in mixed soil profile 13 from many sites or/and foundations was selected for the verification study. 14 15 
Design Using IABB Method 7
Given the pile and soil information in Tables 4 and 5 , nominal geotechnical resistances were 8 estimated using the IABB method for all production piles in sand and mixed soil profile. 9
Applying the recommended LRFD resistance factors given in Table 3 , Figure 3 shows four plots 10 of histograms and theoretical normal distributions for the ratio of factored geotechnical 11 resistances to factored loads (i.e., equivalent factored resistance in the interim procedure or 12 since Q equals to R interim in the interim procedure). These distribution curves 13 are different from a typical probability density function of the ratio of measured to estimated 14 resistances used in resistance factor calibrations. Compared with the interim procedure for sand, 15
Figure 3 resistances by 12% and 53% based on the regional LRFD and AASHTO resistance factors of 20 0.65 and 0.35, respectively. The above observation was anticipated as the resistance factor of 21 0.725 in the interim procedure was reduced to factors recommended in Table 3 . However, the 22 reduction in factored resistances could not be directly related to the percent reduction in the 23 resistance factor, because 1) the nominal geotechnical resistances were re-evaluated using the 24 IABB method based on the available soil and pile information, and 2) the factored resistance 25 estimated in the interim procedure was used as the factored applied load. The AASHTO 26 approach of estimating the nominal geotechnical resistance using the α-method for clay material 27 in the sand and mixed soil profiles could not be performed in this analysis, because the undrained 28 shear strength (S u ) was not available. Thus, it was assumed that the nominal geotechnical 29 resistances obtained from the IABB method and AASHTO were similar. 30 31
To determine any economic implications of switching from the interim to the regional LRFD and 32 AASHTO procedures, comparisons in terms of the plan pile length are demonstrated in Figure 4 . 33 Applying the regional LRFD or AASHTO procedure, plan pile lengths were re-calculated and 34 compared with the actual plan pile lengths listed in Tables 4 and 5 . For piles bearing on soil and 35 tipped-out below the bottom of soil boring, the soil properties and types were assumed the same 1 as the previous layer. For piles driven into rock materials, no further pile penetrations were 2 assumed into the rock materials. For Cedar-244: Pier 5, Pier 6 and East Abutment and Greence-3 31: Pier 3, where the applied load exceeded the total side resistance and the end bearing on rock, 4 the increase in plan pile lengths were assumed at their upper bounds near the ground surface. In 5 this verification study, the increase in plan pile length did not change the originally determined 6 soil profile. Figure 4(a) shows that if the regional LRFD procedure for sand had been 7 implemented, the plan pile length, on average, would have been approximately 25% longer, 8 which is significantly lower than the 86% for AASHTO procedure. For the mixed soil profile 9 shown in Figure 4 (b), the plan pile length based on the regional LRFD procedure, on average, 10 would have increased approximately by 12%, which is again significantly lower than the 93% 11 for the AASHTO procedure. The adequate resistance of the production piles was verified using WEAP during construction. 6
The construction control procedure practiced in the interim is also used in the regional LRFD 7 method. Accordingly, piles that do not achieve the target resistance at EOD are retapped 8 approximately 24 hours later, and the performance criterion is re-evaluated. Piles that fail to 9 satisfy the performance criterion at the end of retap are extended in length and driven further into 10 the ground until the target resistance is achieved. Using the pile data sets given in Tables 4 and 5  11 as well as the field data in terms of hammer blow counts, comparisons were made in terms of 12 number of piles requiring retap and possibly extension. It is important to highlight that this study 13 was conducted based on the actual plan pile lengths summarized in Tables 4 and 5. The  14 anticipated increase in pile lengths based on the regional LRFD procedure using the IABB 15 method presented in Figure 4 was not considered in this study. The study outcomes are 1 summarized in Table 6 for sand and Table 7 for mixed soil profile. The actual driving records of 2 production piles based on the interim procedure indicate that 11 production piles in sand were 3 retapped and no piles were extended. Switching from the interim to the regional LRFD 4 procedure for sand will increase the number of piles requiring retap to 66 (15%) and at least two 5 piles will require extension. Since the resistance factor for the AASHTO is slightly lower than 6 that of the regional LRFD (see Table 3 ), a slightly higher driving requirement is observed for the 7 AASHTO. 8 9 
12
Lane; and n/a -no restrike information for evaluation.
14
The actual driving records of production piles in mixed soils based on the interim procedure as 15 shown in Table 7 indicate that 78 (45%) of production piles were retapped and no pile was 16 extended. If the regional LRFD procedure for the mixed soil profile would have been 17
implemented during construction while keeping the same actual plan pile length, 82 (47%) 18 production piles would have required retap and at least 19 (11%) piles would require extension 19 of length to achieve the target resistance. If the AASHTO procedure would have been adopted 20 for implementation, 139 (80%) production piles would have required retap and at least 76 (44%) 1 piles would require extension. It is important to note that pile setup in the mixed soil profile was 2 not considered in this study. Thus, the economic benefits contributed from pile setup in the clay 3 profile described by Ng et al. (5) cannot be similarly realized in the mixed soil profile. 4 5
If the plan pile length had increased during the design stage based on the regional LRFD 6 procedure as described in Figure 4 , the results presented in Table 6 for sand and Table 7 
16
Cost Analysis 17
The verification study suggests potential increase in direct cost to the bridge pile foundation 18 when the regional LRFD or AASHTO procedure is implemented. Additional cost incurred and 19 cost saving by implementing the regional LRFD procedure over the AASHTO procedure for 20 both sand and mixed soil profiles are summarized in Table 8 . The unit cost of $40 per foot was 21 assumed to complete this study. Major cost increase is realized when additional plan pile lengths 22 are required. It was assumed that the pile retapping and extension would not incur additional cost 23 due to the increase in plan pile length; instead this will provide some cost saving which is not 24 included here. Based on the 451 production piles in sand profile presented in Figure 4 (a), 25 additional cost of $291,300 or 25% increase in cost will be anticipated when switching from the 26 interim procedure to the regional LRFD procedure. However, this cost increase is much lower 27 than that determined for the AASHTO procedure. The switching cost will be saved by 2.44 times 28 when implementing the regional LRFD procedure. For the 173 production piles in mixed soil 29 profile, lesser additional cost of $57,672 will be anticipated. The cost will be saved by 6.75 times 30 when implementing the regional LRFD over the AASHTO procedure. The additional incurred 31 cost is higher in sand than that in the mixed soil profile, aligning with the resistance factors 32 recommended in Table 3 . 33 This paper demonstrates the potential consequences of switching the design and construction of 4 bridge foundations in sand and mixed soil profiles from an ASD based procedure to the 5 regionally calibrated LRFD procedure. The local LRFD calibration using the PILOT database 6
and recently completed field tests yielded lower resistance factors than 0.725 used in the interim 7 procedure but higher than those recommended in the AASHTO LRFD Specifications. However ,  8 it is important to highlight that the high resistance factor of 0.725 corresponds to lower reliability 9 indices, which also represent higher probability of failure than 1% stipulated in the AASHTO. 10
The recommended LRFD and construction of piles were verified using 451 production piles in 11 sand and 173 production piles in mixed soil, which were installed in 2009 and 2010 at various 12 bridge projects in Iowa. The following conclusions have been drawn from this study: 13
1. For piles in sand, the regional LRFD procedure will, on average, yield 26% lower 14 factored geotechnical resistance and 25% longer plan pile length than that based on the 15 ASD based procedure. If the actual plan pile lengths determined based on the ASD based 16 procedure are used in the construction control analysis, the number of piles requiring 17 retap will increase from 2% to 15%, and at least two piles will require extension. On the 18 other hand, the AASHTO procedure will produce 48% lower factored resistance and 86% 19 longer pile length. Compared with the regional LRFD procedure, a slightly higher 20 number of pile retaps and extensions will be anticipated for the AASHTO procedure. 21 2. For piles in mixed soil profile, the regional LRFD procedure will, on average, yield 12% 22 lower factored geotechnical resistance and 12% longer plan pile length than that based on 23 the ASD based procedure. Using the actual plan pile length, the number of piles requiring 24 retap will increase only 2% (i.e., from 45% to 47%), and at least 19 piles will require 25 extension. On the other hand, the AASHTO procedure will produce 53% lower factored 26 resistance and 93% longer pile length. About 80% piles will require retap and at least 27 44% pile extensions will be needed. 28 3. Due to limited test data and the complexity of a mixed profile in contributing to pile setup 29 coupled with no method is currently available to estimate pile setup in a mixed soil 30 profile, pile setup in a mixed soil was neglected in the development of the regional LRFD 31 procedure. However, future research on quantifying pile setup in mixed soils will bring 32 economic benefits as similarly realized in the cohesive soil. 33 4. Switching from the ASD based procedure to the regional LRFD procedure will require 34 much longer plan pile length in the sand profile than that in the mixed soil profile. For 35 construction control using WEAP, a higher driving requirement will be expected for piles 36 in the sand profile. For piles in the mixed soil profile, the driving requirement will be 37 about the same as for the ASD based procedure. 38
5. The cost analysis indicates that major cost increase incurs when additional plan pile 39 lengths are required. Cost increases of 25% and 12% will be anticipated due to the 40 increase in plan pile lengths for sand and mixed soil profiles, respectively. The 41 implementation of the regional LRFD procedure rather than the AASHTO procedure will 1 save the foundation cost by 2.44 times for sand and 6.75 times for mixed soil profile. 2 6. This study clearly demonstrates the tremendous benefit of the use of regionally calibrated 3 resistance factor in LRFD. 4 5 ACKNOWLEDGEMENTS 6
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